Abstract. Wastewater sludges are used in agriculture as soil amendment and fertilizer, with regard to their organic matter and nutrient content. However, availability of nitrogen and phosphorus from sludge-amended soils and their transfer in runoff may lead to eutrophication of downstream surface water. The aim of this study is to establish and compare the effect of two different sludges on these transfers: an anaerobically digested and thermically stabilised sludge (Seine-Aval treatment plant, sludge no. 1), and a limed sludge (Saint-Quentin treatment plant, sludge no. 2). Experiments were performed on 12 sloping micro-plots (1 m × 1 m) submitted to sludge spreading and controlled rainfall simulation. Runoff water was sampled and analysed for concentrations in nitrogen species and phosphorus. Results show that spreading of sludge no. 1 increased both ammonium nitrogen (mean of 1.1 mg L −1 N-NH 4 vs. 0.2 mg L −1 N-NH 4 for control micro-plots) and particulate phosphorus concentrations (mean of 2 mg L −1 P vs. 1.1 mg L −1 P for control micro-plots) in runoff water. On the other hand, sludge no. 2 did not induce any significant effect on nutrient concentrations in runoff. These results are related to chemical composition and physical treatment of sludges. This study underlines the existence of a short-term risk of nutrient mobilisation by runoff after sludge spreading on soil, and the need to check precisely the impact of this practice on water quality.
Introduction
Due to the increasing volume of wastewater and the efficiency of water treatment processes, the quantity of sludge is in constant increase, reaching 7.7 million tons of dry matter per year in Europe (Wiart et al., 1999) . As an alternative to incineration and landfilling, sewage sludge has been successfully used as agricultural soil amendment and nutrient source for several decades. Potentials of sewage sludge in recycling nutrients and in maintaining soil quality as well as crop productivity are now well established (Dridi and Toumi, 1998) . However, due to their high content in nutrients and other chemicals such as trace metal elements, sewage sludge may create potential health and environmental problems, that might question their use in agriculture. In particular, mobilisation of phosphorus and nitrogen in runoff after sludge spreading is likely to contribute to eutrophication of downstream surface waters. In this context, a better understanding of the processes involved and of the factors that influence these processes has to be developed.
One main characteristic of sewage sludge is that they are very variable in composition and do not form a group of fertilisers with a well-known nutrient content. Phosphorus content ranges generally from 34 to 57 g P 2 O 5 kg −1 dry matter (Sommellier et al., 1996) , but this content, as well as speciation (mineral/organic form), depends on original effluent composition and types of treatment (raw, digested or composted sludges). Surface runoff is the major cause of phosphorus loss from cultivated fields, and this process was shown to be closely linked to sediment transport (Sharpley et al., 1992) . Nitrogen in sludge is mainly under organic forms, while mineral forms are generally in low concentrations and are mainly represented by ammonium nitrogen. It was shown that, after sludge spreading, this element can be volatilised or rapidly mobilised by runoff and leaching (Gangbazo et al., 1995) . In contrast, nitrate transfers occur only after long-term nitrification process in soil (Garau et al., 1986; Serna and Pomares, 1992) . Several factors are implied in nutrient transfers by surface runoff from a sludge-or more generally from a biosolid-amended soil. First, there are factors that control erosion processes such as rain erosivity, slope and soil characteristics, or tilling management. There are also method of sludge spreading (Mostaghimi et al., 1992) , period of time before rainfall (Steenvoorden, 1986) and application rate . Some authors have shown that, if sludge disposal generally reduces the total amount of runoff water and sediment, it increases the average concentration of phosphorus in runoff water (Vanden Bossche et al., 2000) . However, the influence of wastewater treatment process as well as sludge physical and chemical characteristics on nutrient losses in runoff is not well determined.
Estimating nutrient losses by runoff can be performed at different scales, depending on the objectives of the study. For example, the watershed scale enables to get measurements of nutrient losses and fluxes in real and multiparametric conditions (Dorioz and Ferhi, 1994) . However, this approach does not provide information about the effect of particular factors and agricultural practices such as the use of sewage sludge. Therefore, complementary experiments have to be performed in controlled conditions at smaller scales, in order to better identify the processes involved in short-term transfers. Several attempts have been performed on amended or fertilised plots under natural rainfall but results are variable because of a low reproducibility, and only concern long-term processes. In order to study the sediment transport capacity of runoff, some authors have also used a runoff simulator on 10-m-length plots (Asseline et al., 1993) , but this does not take into account the kinetic energy of raindrops, which is a crucial factor in soil particles detachment and pollutants losses from soil. Rainfall simulation has been developed for several years, initially for infiltration or erosion studies (Mc Isaac and Mitchell, 1992; Nolan et al., 1997) . Such simulations provide control on intensity, frequency and duration of precipitation on both field and laboratory studies. This experimental approach was also applied to study pollutant transfers by leaching and runoff under crop residues (Koro et al., 1995) , or following application of fertilizers (Tabbara, 2003) , sewage sludge (Evanylo and Ross, 1997; Quilbé et al., 2002) , hog manure or dredged sediments (Singh et al., 2000) .
In this study, we carried rainfall simulations on outdoor micro-plots, with the objective to evaluate and compare the short-term effect of the spreading of two types of wastewater sludge on nutrient transfers by runoff. We focused on total phosphorus (particulate and dissolved) and nitrogen species. Selection of the two sludges tested was based on their wide use in the region of interest (Aisne, Picardy, France). The first sludge (sludge no. 1) is produced by the Seine-Aval treatment plant, located at Achères. This plant treats wastewater from the Paris agglomeration and has a capacity of 8 million equivalent inhabitants. The whole quantity of sludge produced (140,000 tons of dry matter per year) is recycled in agriculture. The second sludge (sludge no. 2) is a limed pasty one coming from the treatment plant of the city of Saint-Quentin (Aisne, Picardy), with a capacity of 151,000 equivalent inhabitants. In 1999, 2,195 tons of dry matter of this sludge were used in agriculture, exclusively in Aisne department.
Materials and Methods

EXPERIMENTAL SITE
Experiments were performed in May 2001, at the Research Centre of Cessières (Aisne, Picardy), in the Northeast of the Parisian basin. Twelve micro-plots were set up on a 50-m-length slope of 14%. The original soil cover was grassland. The real size of micro-plots (1.5 m × 1.5 m) was larger than the experimental area of simulation (1 m × 1 m) in order to avoid any boundary effect. Surface soil composition and variability among the plots were characterised by sampling and analysing the four micro-plots located at the corners of the experimental area. Soil analyses were performed at the Station Agronomique de L'Aisne (Laon, France) following normalised methods: granulometry, organic carbon, total nitrogen, phosphoric acid, C/N ratio, pH, calcium and cation exchange capacity (CEC).
THE RAINFALL SIMULATOR
The rainfall simulator used for these experiments was derived from the Guelph Rainfall Simulator II which was initially developed for erosion studies (Nolan et al., 1997; Tossell et al., 1987) . The simulator is mobile, can be adapted to the slope and is supplied in water with a pump. Two nozzles with a full-cone spray angle of 120
• at 0.7 bars were used (1/4 10 W and 3/8 20 W types), providing a theoretical range of intensity from 30 to 90 mm h −1 . Two gauges measure water pressure originating at the pump (10 bar), and at the nozzle (1.4 bar). Rainfall intensity at the soil level is controlled by varying the height of simulation, the pressure, and the choice of the nozzle. A calibration experiment was first performed in order to determine the relationship between spraying pressure, rainfall intensity and areal uniformity (as defined by Tossell et al. (1987) ) measured at the soil level on a 1 m × 1 m plot. Intensity increased linearly with pressure, and uniformity ranged from 74% for low pressure to 95% for high pressure rainfall (a single experiment was performed for each pressure value).
The choice of rainfall intensities was based on a typical storm event measured in the region of interest, which generated important runoff and erosion processes. It was characterised by a first step of low rainfall intensity (30 mm in 2 h) and a second step of 30 min with high intensity, reaching 80 mm h −1 . Corresponding intensities to be applied with the simulator were determined using adjustment coefficients to take into account differences of kinetic energy between simulated and natural rainfall (Tossell et al., 1990) . The final sequence with a simulation height of 1 m was: an intensity of 30 mm h −1 for 20 min (nozzle 1/4 10 W, 0.6 bar) to saturate the first soil layer, and an intensity of 90 mm h −1 for 20 min (nozzle 3/8 20 W, 1.4 bar) to generate runoff. Under these conditions, the areal uniformity coefficient is higher than 90%.
For field experiments, delimitation of plots and runoff water gauging was adapted from the original system described by Tossell et al. (1987) : a frame of 1 m × 1 m, and a height of 15 cm is, driven into the soil on a depth of 7 cm ( Figure 1) . A slit in the downstream side of the frame allows runoff water to flow out in a gutter covered by a canvas sheet fixed on the frame to protect it from applied rainfall. Water is then collected in a polypropylene container and sampled.
SLUDGE TREATMENT PROCESS AND SOIL APPLICATION
Sludge no. 1, from Seine-Aval treatment plant, is submitted to anaerobic digestion in two steps: 3 weeks at 37
• C and then 2 weeks at ambient temperature. Sludge is then thermically conditioned under pressure at 195
• C for 45 min, and partially dehydrated under a press filter. The sludge sample used in these experiments was sampled on a 1 week heap. In the Saint-Quentin treatment plant, sludge no. 2 is submitted to thickening and then filtered and limed (with CaO,50% of dry matter content). The sludge was sampled just after treatment.
The sludge samples were then sieved (3 mm) in order to make their spreading easier and homogeneous. Analyses of agronomic parameters were performed at the Station Agronomique de L'Aisne (Laon, France) following normalised methods: dry matter, pH, organic matter, total nitrogen, ammonium nitrogen, total phosphorus, C/N ratio, total potassium, total calcium, total magnesium. Sludge was homogeneously applied on the soil at the rate of 0.75 kg dry matter m −2 , corresponding to the average application rate performed by regional farmers. The three treatments (no sludge, sludge no. 1, sludge no. 2) were repeated four times and randomly distributed within the 12 plots. The sludge was mixed with the superficial Figure 1 . The rainfall simulation system observed from the upper side of a micro-plot. soil layer on a 5 cm depth. 24 h later, the soil was lightly packed in order to homogenize surface state of plots and to facilitate runoff. Rainfall simulations were then performed with the characteristics previously described, starting with the lowest plots in order to avoid inter-plot contamination by rainfall and runoff.
RUNOFF WATER ANALYSES
Volumes were measured, and pH as well as conductivity measurements were performed in situ using a multiparametric measurement system (Multiline P4, WTW, USA). A part of the sample was filtered (0.45 µm) to measure solid material by drying the filter for 24 h at 105
• C, and water samples were then stored at 4
• C. Total phosphorus and nitrogen concentrations were measured on both nonfiltered and filtered water using colorimetric methods following manufacturer's instructions (Spectroquant ® , Merck, Germany). Orthophosphate and ammonia concentrations were measured on filtered water with the same method. Nitrate concentrations were measured on filtered water by capillary electrophoresis in the laboratory of the Ecole Supérieure de l'Energie et des Matériaux (ESEM, Orléans, France).
STATISTICAL ANALYSIS
In order to ensure normality of data distributions and since variance was found to be high and proportional to the mean for each experimental conditions, a logarithmic transformation of data was first performed. The effect of the treatments (sludge no. 1 and sludge no. 2 vs. control) was then determined using a Welch-Satterthwaite t-test, well adapted for small data samples with unequal variances.
Results
SLUDGE AND SOIL COMPOSITION
Before rainfall experiments, we first checked soil homogeneity among the microplots by sampling and analysing surface soil composition of the four micro-plots located at the corners of the experimental area. Results are given in Table I and show that all measured parameters were roughly similar (coefficients of variation (COV) less than 15%) except phosphoric acid content (from 11 to 38 g P 2 O 5 kg −1 dry matter, COV = 50%). However this variability did not seem to influence phosphorus exportation in runoff after sludge spreading, since the micro-plot with the highest phosphoric acid content (no. 4) did not induce a greater phosphorus concentration than micro-plot no. 1, under the same experimental conditions (amended with sludge no. 2). We also analysed and compared the chemical composition of sludges used in this study. As presented in Table II , we observed differences in chemical composition between the two sludges, which are related to the different physical treatments applied to these sludges. For instance, organic matter content is almost twice higher in sludge no. 1 (328 g kg −1 dry matter) than in sludge no. 2 (172 g kg −1 dry matter). Sludge no. 1 also has a high phosphorus content (78 g P 2 O 5 kg −1 dry matter) while sludge no. 2 is characterised by a high pH (12.4) and an elevated calcium content (412 g CaO kg −1 dry matter). These two high values are due to the liming applied during the treatment of sludge no. 2. This sludge also has a low ammonium content (0.2 g N-NH 4 kg −1 dry matter).
RUNOFF VOLUMES AND SOLID MATERIAL MEASUREMENTS
We found a variability of runoff response among the twelve plots. As shown in Figure 2 , the total volume of runoff ranged from 1.1 to 5.6 L, with corresponding runoff coefficients varying between 2.9 and 14%. This variability in final volumes was due to differences in saturation processes and runoff starting points as, on 5 micro-plots out of 12, a delay of a few minutes was observed before saturation and beginning of runoff during the second step of rainfall simulation (90 mm h −1 ). We also observed a variability in solid material contents (from 0.7 to 3.5 g L −1 ), independently of runoff volume. One extreme condition was observed for one micro-plot with high runoff volume (5.6 L) and high solid material content (2.8 g L −1 ). One explanation for these differences is that, despite the attempts of homogenisation in initial soil surface state and in the simulation process, there was still a local heterogeneity in soil generating differences of infiltrability within micro-plots. Nevertheless, no relationship between runoff volume and nutrient concentrations could be established among the four replicates of each experimental condition. This indicates that differences in runoff volume did not influence the effect of sludge spreading on nutrient concentrations in runoff water. On the other hand, total loads of nutrients are too much variable to be interpreted.
EFFECT OF SLUDGE SPREADING ON NUTRIENT CONCENTRATIONS IN RUNOFF WATER
As represented in Figures 3a, b , and d, spreading of sludge no. 1 did not affect total nitrogen concentration in both filtered and non-filtered runoff water, nor nitrate concentration. However, as shown in Figure 3c , this treatment induced an increase in ammonium concentration as compared with the values measured in control conditions (1.1 mg L −1 N-NH 4 vs. 0.2 mg L −1 N-NH 4 respectively, p < 0.05). This effect can be related to the ammonium content measured in sludge no. 1 (2.4 g N-NH 4 kg −1 dry matter). As shown in Figure 4 , we also observed an increase in particulate phosphorus after spreading of sludge no. 1 (2 mg L −1 P vs. 1.1 mg L −1 P for control, p< 0.05). This can also be related to the high phosphorus content found in this sludge (78 g P 2 O 5 kg −1 dry matter). It should be noticed that concentration of dissolved phosphorus was found to be less than 0.1 mg L −1 P for 10 micro-plots out of 12, confirming that phosphorus is lost mainly under particulate form in runoff water.
As shown in Figures 3a-d , we found that spreading of sludge no. 2 on microplots had no significant effect on nutrient concentrations in runoff water, despite a nitrogen content in this sludge of 19 g N kg −1 dry matter. Concentrations of dissolved total nitrogen were found very variable within the four micro-plots amended with sludge no. 2 (from 8.4 to 35.4 mg L −1 N). In consequence, although the mean value is almost twice higher than for control micro-plots (18.2 vs. 9.7 mg L −1 N respectively), this effect was not found to be statistically significant at the 5% level (p=0.08). In addition, we also observed an increase of pH in runoff water from micro-plots treated with sludge no. 2 as compared with control (8.3 vs. 7.4 respectively, p< 0,05). This is obviously due to high alcalinity of this sludge (pH=12.4) following the liming treatment.
Discussion
The main objective of this study was to establish and compare the effect of sewage sludge on nutrient transfers by runoff. Experiments were performed in controlled conditions, on 1 m × 1 m micro-plots amended with two different sludges. The experimental protocol was chosen to represent a maximal risk of mobilisation of nutrients: high slope, surface incorporation of sludge and a maximal rainfall event locally encountered. These results distinguish the effect of the two different sludges used in this study. This first concerns particulate phosphorus that increases after spreading of the sludge coming from Seine-Aval treatment plant (sludge no. 1). The phosphorus content of this sludge (78 g P 2 O 5 kg −1 dry matter) is drastically higher than average values usually found in wastewater sludges (from 34 to 57 g P 2 O 5 kg −1 dry matter (Sommellier et al., 1996) . However, the concentration of total phosphorus measured in non-filtered runoff water (mean of 2 mg L −1 P in runoff from micro-plots amended with sludge no. 1) remains low as compared with values that can be found in literature from similar experiments. For example, a concentration of 3.5 mg L −1 P was found in runoff water from a soil amended with a sludge containing 20 g P 2 O 5 kg −1 dry matter (Mostaghimi et al., 1992) . The treatment process of sludge no. 1, with an anaerobic digestion step, can explain this relatively low mobility of phosphorus since it has been shown that, in this kind of sludge, a large part of mineral phosphorus is linked to organic compounds (Zhang et al., 1990) . This would also explain why exported phosphorus is mostly under particulate form in runoff water. More generally, it should be noticed that total phosphorus concentrations measured in runoff water from all micro-plots, even control ones, remain drastically higher than the critical value of 0.1 mg L −1 P associated with accelerated eutrophication (Sharpley et al., 1994) . It is also interesting to note that stabilisation of sludge no. 1 does not avoid the presence of ammonium nitrogen in the liquid phase of sludge and its rapid mobilisation and exportation by runoff. This confirms precedent results showing the high availability of ammonium nitrogen to be rapidly exported from a soil amended with hog manure.
The spreading of the limed sludge no. 2, which had a lower phosphorus content than sludge no. 1 and a very low ammonium nitrogen content, only induced an increase of pH (8.3) in runoff water. Despite a high nitrogen content (19 g N kg −1 dry matter), no significant effect of this sludge on nitrogen concentration in runoff water was observed. This can be explained by the fact that, in this sludge, nitrogen is only under organic form, which is less available for runoff than nitrate or ammonium.
Experiments on a longer period of time would be needed to assess and compare the effect of sludges on organic matter mineralisation and its consequences on nitrogen transfers in runoff. As for nitrogen, particulate and dissolved phosphorus concentration was not influenced by spreading of sludge no. 2. Actually, after sludge spreading, mineral forms of phosphorus are likely to link to iron or aluminium present in soil (Chang et al., 1983) , while organic forms are rapidly hydrolysed, both in acid or basic soils (Hinedi et al., 1989) . Most sludges induce a decrease in the binding capacity of soil to phosphate ions, as soon as they are incorporated into soil, but it is not the case for limed sludges, which lead to an increase of this binding capacity. This fact would explain why the concentration in phosphate ions remains very low in runoff water from plots amended with sludge no. 2, although this sludge contains 22 g P 2 O 5 kg −1 dry matter. These results clearly show the role of sludge treatment and composition in regard to the risk of nutrient losses by runoff after sludge spreading on sloping plots. More precisely, it seems that digestion and stabilisation of sludge is not sufficient to avoid the mobility of phosphorus and ammonium nitrogen, in particular if they are present at high concentrations. In this context, a deeper incorporation of sludge into the soil could reduce these exports by limiting erosion and favouring stabilisation of phosphorus in soil (Kladivko and Nelson, 1979) . Nevertheless, these practices are likely to increase sediment losses in runoff and therefore the concentration of particulate phosphorus (Mostaghimi et al., 1992) . Complementary experiments can be envisioned to determine the effect of tillage practice and method of spreading (incorporation, injection, broadcast application) on these processes. The evolution of nutrient losses under repeated rainfalls, as well as the effect of rainfall intensity on these transfers could also be determined with such experimental procedure. Our experimental model on micro-plots submitted to controlled rainfall would also be adapted to test the effects of a variety of wastewater treatment plant processes such as liming or addition of aluminium sulfate (alum) and iron, which have been shown to reduce phosphorus availability in sludge (Maguire et al., 2001) and phosphorus exportation in runoff (Bushee et al., 1998; Penn and Sims, 2002) .
Moreover, it should be noticed that, in this study, the effect of sludge-amended soil on nutrient losses is compared to a bare soil. With regard to the agronomic value of sludge, it would be relevant to compare a soil amended with sludge to a soil amended with other kinds of fertilisers such as mineral fertilisers which are also known to induce exportation of nutrients in runoff (Edwards and Daniel, 1994; Evanylo and Ross, 1997) . For instance, it has been shown that phosphorus concentration in runoff was lower after sludge spreading than after mineral fertilisation on tilled soil, and that this effect was inverted on no-till soil (Mostaghimi et al., 1992) . Finally, one limitation of such experiments is that they are only adapted to study the short-term effects of sewage sludge on pollutants concentrations in runoff, and that only sheet runoff can be simulated at such a small spatial scale. That implies an underestimation of soil losses (and therefore of particulate phosphorus transfers) as compared with natural rainfall conditions observed at the watershed scale or larger plots (Bernard, 1992) .
Conclusions
Our study performed on micro-plots submitted to controlled rainfall confirms that wastewater sludge spreading on sloping plots induces a short-term risk of nutrient losses in runoff. It concerns more precisely ammonium nitrogen and particulate phosphorus which are likely to be rapidly exported by runoff, while organic nitrogen are more concerned by long-term processes. Moreover, this risk is different from a sludge to another and depends on its chemical composition and physical treatment, which influence nitrogen and phosphorus content and availability. This illustrates the main difficulty encountered in the assessment of environmental risks induced by the use of wastewater sludge in agriculture, since a wide variability of sludge characteristics exists. Therefore, it stresses the importance of selecting a sludge adapted to the conditions in order to minimise the risks of nutrient exportation by runoff and therefore to secure this practice which fits, in its recycling principle, into sustainable agriculture.
